This paper is interested in mechanism of lactic acid (LA) adsorption and dehydration into acrylic acid (AA) over tin and iron beta zeolite (Sn-and Fe-BEA) catalysts. The electronic structure of clusters was calculated by ab initio density functional theory (DFT) method. The M2Si12O39H22 (hierarchical zeolite) and M2Si22O64H32 (ideal zeolite) clusters (M=Al, Si, Sn) were used in the LA dehydration reaction. The stabilization of the dimeric complex M-Ob-M (where M= Sn or Fe) in the BEA, ideal and hierarchical structure, was investigated. Possible modes of interaction of lactic acid with different cations (Si, Al, Fe or Sn) in the BEA zeolite framework as well as with added iron and tin dimers were considered. The interaction of lactic acid was only observed above the M-Ob-M dimer. The direct mechanism of lactic acid dehydration into acrylic acid was found over metal M-Ob-M dimers deposited at the BEA zeolite.
Introduction
The urgent need for more sustainable production of chemicals from renewable feedstock, like biomass, have resulted in intensive research efforts in the search for novel porous nano-materials. 1 Due to its ability to catalyze many types of hydrocarbon reactions and the specific structure of the active sites, zeolites are ideal candidates for the production of chemicals from biomass, e.g. dehydration reactions.
2,3 Important properties of zeolites, which make them ideal candidates for the transformation of biomass into high value chemicals, are their high hydrothermal stabilities.
Metal substituted BEA and MFI have been the most studied zeolites, especially for reactions where Lewis acidity is required. [4] [5] [6] [7] Many groups have already been investigated, such as zeolites substituted with tin and other metals. The activity of Sn-BEA in the conversions of glucose to fructose has been significant, while the same reaction has not been noted over Sn−MFI. 8 The other groups have correlated the adsorption of probe molecules, such as ammonia, acetonitrile, water or pyridine, with the Lewis acidity of M−BEA (M = Ti, Zr, Sn), 9 and specifically Sn−BEA. 10 Iron-exchanged zeolites (ZSM-5 and BEA) are an active catalyst for a large number of reactions, of which the selective catalytic reduction (SCR) of nitrogen oxides with ammonia or hydrocarbons, [11] [12] [13] [14] [15] [16] the N2O decomposition reaction 17, 18 and oxidation processes [19] [20] [21] [22] are the most important. The stabilization of dimeric Fe-O-Fe iron complexes in the ZSM-5 framework has been already investigated using a DFT approach with a cluster model. 23 The Fe-BEA zeolite has also been studied theoretically for nitrous oxide decomposition along similar lines. 24, 25 However, the authors will only consider monomeric Fe.
The structure and exact role of the active iron sites in these different catalytic reactions are still the subject of many discussions. 32, 33 have been suggested. Previous studies suggest that all of these iron species usually coexist in the pores of the ZSM-5 framework; binuclear iron and isolated iron species have been suggested as the active sites for the SCR reaction [34] [35] [36] [37] [38] .
Lactic acid has three available atoms for adsorption: the oxygen atom of the alcohol group and the two oxygen atoms of the carboxyl group. Based on the literature, 39 the lactic acid adsorption over metallic cations gives several possible binding modes at zirconia surfaces: monodentate, bidentate bridging and bidentate chelating, where a dissociative bidentate bridging mode is preferred. The classical pathway through a carbocation proceeds with a very high activation energy. Therefore, the authors suggested another mechanism through a carbanion and succeeded with acrylic acid formation.
In the present study, we are interested in designing a new theoretical approach for the synthesis of acrylic acid (AA) from lactic acid (LA) over zeolite catalysts. The theoretical modeling of lactic acid dehydration helps in the further development and synthesis of zeolite with declare structure. Lactic acid adsorption and dehydration toward acrylic acid processes have been studied in BEA zeolite. The tin and iron dimers are considered in the present studies as active sites for lactic acid adsorption.
Results and Discussion

Computational details
The electronic structure of all clusters was calculated by ab initio density functional theory (DFT) methods (program StoBe) using the non-local generalized gradient corrected functionals according to Perdew, Burke, and Ernzerhof (RPBE), in order to account for electron exchange and correlation. The electronic structure of the clusters and of all reaction intermediates was calculated by ab initio density functional theory (DFT) methods (StoBe code). 40 The generalized gradient corrected functionals according to revised Perdew, Burke, and Ernzerhof (rPBE) were used in order to account for electron exchange and correlation. 41, 42 All Kohn-Sham orbitals are represented by linear combinations of atomic orbitals (LCAO's) using extended contracted Gaussian basis sets for the atoms. 43, 44 A detailed analysis of the electronic structure of the clusters was carried out using Mulliken populations 45 and Mayer bond order indices 46, 47 . The adsorption energies of the adsorbates on the cluster were calculated as follows:
where Etot(adsorbate/ cluster) is the total energy of the adsorbate/cluster surface complex, Etot(cluster) and Etot(adsorbate) are the total energies of pure cluster and the adsorbate, respectively. (41) for H, were applied to fit the electron density and the exchange-correlation potential.
Geometrical model
The crystal structure of BEA has been chosen from Database of Zeolite Structure. 48 The tetragonal phase of BEA framework type, is described by the space group P 41 2 2 (no. 91) with lattice constants a = b = 12.6320 Å and c = 26.1860 Å. The crystal unit cell contains 192 atoms.
The BEA framework (purely siliceous silicalite-1 and aluminum-containing BEA) has a three dimensional channel system consisting of straight channels along the a and b axis and tortuous channel along the c-axis. 49 The pore limiting diameter of largest pore is equal 6.9 Å ( Figure 1 ). 50 A maximum sphere diameter that can diffuse along BEA pores is equal 5.95 Å. (Fig. 2) . The ideal M2Si22O64H32 model shows the cage structure existing in the BEA zeolite ( Fig. 2b) , where hierarchical M2Si12O39H22 cluster includes half of such cage and could be present after hierarchization process, which is visualized at Fig. 2b . Fig. 4 c-e). In the present study we considered both types of zeolite modifications, substituted metals as well as dimeric forms of metals grafted onto the zeolite framework.
To date, most of the theoretical groups substituted tin inside the zeolite framework. [4] [5] [6] [7] [8] [9] [10] However, in the case of our studies, lactic acid was not stabilized above any zeolite frame-centers (neither Si, Al nor Sn in positions presented at Fig. 4a-b) . As the next step, the tin and iron dimers (Fig. 4d) were considered in the present study as active sites for lactic acid adsorption, which is a new approach compared to those mentioned previously in the literature, especially in the case of tin. 
Metal dimers stabilization in the BEA-framework
The stabilization of dimeric M-Ob-M complexes (where M= Sn or Fe) in the BEA pore and at the BEA surface (observed after the hierarchization of BEA zeolite in alkaline media), was investigated ( Figure 5 ). Dimeric models used previously in studies of isocyanic acid adsorption were used. 23 The stabilization energies are listed in Table 1 .
Both Sn and Fe dimers have been stabilized above the Al-center in the BEA framework, near the neighboring oxygen atom, with an energy of approximately -8 eV inside the pore and -7 eV at the surface. The structure of the M-Ob-M dimer does not depend on the cluster: dimers of each metal (Sn or Fe) have a similar structure in the 'ideal' (Al2Si22O64H32) and 'hierarchical' (Al2Si12O39H22) clusters. However, the differences in the geometry of the dimers for each of metals, Sn and Fe, are observed. The bond lengths between the tin centers and the bridging oxygen are approximately 2.0 Å, with bond orders of approximately 1.0 and 0.9. The bond lengths between the iron centers and bridging oxygen are approximately 1.68 Å, with a bond order of approximately 1.16 and 1.0. The strong coupling between iron centers has been noted (with a bond order of 2.3), while in case of tin, metal-metal interactions are negligible.
Lactic acid dehydration over metal dimers in the BEA-framework
The dehydration of lactic acid into acrylic acid requires the subtraction of hydrogen from the carbon (methyl group) and the hydroxyl group from the carbon (Figure 6a ). Lactic acid has three available atoms for adsorption above the catalyst surface: the oxygen atom of the hydroxyl group from carbon and the two oxygen atoms of the carboxyl group. Based on the literature, 25 lactic acid adsorption over zirconia oxide gives several possible binding modes: monodentate, bidentate bridging and bidentate chelating. Based on this literature result, we attempted to find a path of lactic acid dehydration inside the pure and metal substituted zeolite framework. Therefore, possible modes of interaction of lactic acid with different cations (Si, Al, Sn, Fe) inside the zeolite framework have been considered. However, the lactic acid did not interact with the zeolite framework sites. Consequently, another direct pathway of lactic acid dehydration has been considered, which involves the simultaneous interaction of hydrogen from the carbon (methyl group) and the hydroxyl group from the carbon. The possibility of direct lactic acid dehydration, reported in the literature, 51 is the interaction of lactic acid with water, where water takes part in the transition state of the dehydration reaction by forming a six-member ring transition state (binding via the oxygen atom with the hydroxyl group from the LA-carbon and via the hydroxyl group with the hydrogen from the LA-carbon). The metal dimers, discussed in paragraph 4.1 have similar potential for direct LA dehydration. Through the analysis of geometric compatibility, the metallic dimers, M-Ob-M, have been considered for the formation of the transition state between lactic and acrylic acid, based on previous studies of iron dimers inside ZSM-5. 23 The adsorption of lactic acid has been investigated based on Sn-and Fe-BEA cluster models. Both metals have positive charges (between +0.7 and +0.85, Table 1 ) and could easy interact with the OH group of lactic acid. The structures of lactic acid, adsorbed at the M-OB-M dimer inside BEA, are shown in Figure 6 b and c. The distance between the oxygen center of the LAcarbon hydroxyl group and the LA-carbon hydrogen is 2.63 Å, which is favourable in terms of the geometrical compatibility with the M-O distance, which equals 2.04 and 1.68 Å for Sn and Fe, respectively. The distance between the LA-carbon hydrogen and the bridge oxygen of M-Ob-M dimer is still too long to allow for hydrogen subtraction from LA and hydroxyl group formation. Table 2 presents the changes in the electronic properties of the metal dimer: the bridge oxygen starts interacts weakly with the LA-carbon hydrogen. Therefore, in the second step the transition state is considered ( Figure 6 d and e) , where the adsorbed LA molecule rotates and the LA-carbon hydrogen bond is shortened to approximately 1.19 and 1.37 Å. The metal center binds with the hydroxyl group from the LA-carbon and the bridge oxygen with hydrogen from the LA-carbon. Figure 7 shows the energy diagram of the dehydration of lactic acid into acrylic acid over dimeric metal complexes inside an ideal pore based on a hierarchical model of BEA zeolite. The adsorption of lactic acid is endothermic in the case of Sn-BEA (3.18 and 1.99eV for the 'ideal' and 'hierarchical' model, respectively, Figure 7 (2) and Table 2 ), is slightly endothermic in the case of 'ideal' Fe-BEA (0.26eV, Figure 7a , (2')) and exothermic (-0.35eV, Figure 6b , (2')) in the case of a hierarchical Fe-BEA catalyst. The dehydration of lactic acid into acrylic acid proceeds with an energy barrier of 2.4 and 3.6eV for Sn-BEA (Figure 7, (3) ) and 3.1 and 4eV for Fe-BEA (Figure 7, (3') ). However, the energy level of acrylic acid above Fe-BEA has been found to be lower than the energy level of lactic acid (-0.38eV for the 'ideal' model and -0.8eV for the 'hierarchical' model, Figure 7 (4') and Table 3 ). After acrylic acid desorption, two strong OH groups remained at the M-Ob-M dimer (see Table 3 ). (2) and (2') lactic acid adsorption, (3) and (3') transition state, (4) and (4') acrylic acid desorption over Sn-and Fe dimer, respectively In summary, from an energetics point of view, the hierarchical Fe-BEA zeolite has the best catalytic properties for the direct dehydration of lactic acid into acrylic acid. A similar reaction mechanism is also expected at the polymeric metal species, where the bridge oxygen is present. As the next step is investigated, a catalyst will be theoretically synthesized and tested for lactic acid dehydration in our laboratory.
Conclusions
The ideal and hierarchical structure of BEA zeolite has been considered: the 'ideal' model describes an ideal structure, while the 'hierarchical' model indicates a zeolite structure after hierarchization. The metal M-Ob-M dimers have been found to be stable above oxygen bound with aluminium centers of BEA zeolite with an energy barrier above -8eV inside pores and -7eV at the surface model. The mechanism of direct lactic acid dehydration in Sn-and Fe-BEA zeolite, which are both ideal and after hierarchization, has been found. The geometric compatibility of the metallic dimers and lactic acid allows for the proposed direct dehydration mechanism, where the oxygen center of the hydroxyl group of the LA-carbon interacts with the metal center of the dimer and hydrogen is subtracted from the LA-carbon and bound with the bridge oxygen of the metal dimer. The adsorption of lactic acid is endothermic in the case of Sn-BEA, slightly endothermic in ideal Fe-BEA and exothermic in the case of a hierarchical Fe-BEA catalyst. The dehydration of lactic acid into acrylic acid proceeds with an energy barrier of 2.4 and 3.6eV for Sn-BEA and 3.1 and 4eV for Fe-BEA. However, the energy level of acrylic acid above Fe-BEA has been found to be lower than the energy level of lactic acid (-0.38eV for the 'pore' model and -0.8eV for the 'surface' model). The hierarchical Fe-BEA zeolite has been theoretically found to be the best catalyst for the direct dehydration of lactic acid into acrylic acid.
